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Bisphenol A (BPA) is used as the backbone for plastics and

epoxy resins, including various food and beverage containers. BPA

has also been detected in 95% of random urine samples and

ovarian follicular fluid of adult women. Few studies have

investigated the effects of BPA on antral follicles, the main

producers of sex steroid hormones and the only follicles capable of

ovulation. Thus, this study tested the hypothesis that postnatal

BPA exposure inhibits antral follicle growth and steroidogenesis.

To test this hypothesis, antral follicles isolated from 32-day-old

FVB mice were cultured with vehicle control (dimethyl sulfoxide

[DMSO]), BPA (4.4–440mM), pregnenolone (10 mg/ml), pregnen-

olone 1 BPA 44mM, and pregnenolone 1 BPA 440mM. During

the culture, follicles were measured for growth daily. After the

culture, media was subjected to ELISA for hormones in the

estradiol biosynthesis pathway, and follicles were processed for

quantitative real-time PCR of steroidogenic enzymes. The results

indicate that BPA (440mM) inhibits follicle growth and that

pregnenolone cotreatment was unable to restore/maintain growth.

Furthermore, BPA 44 and 440mM inhibit progesterone, dehy-

droepiandrosterone, androstenedione, estrone, testosterone, and

estradiol production. Pregnenolone cotreatment was able to

increase production of pregnenolone, progesterone, and dehy-

droepiandrosterone and maintain androstenedione and estrone

levels in BPA-treated follicles compared with DMSO controls but

was unable to protect testosterone or estradiol levels. Further-

more, pregnenolone was unable to protect follicles from BPA-

(44–440 mM) induced inhibition of steroidogenic enzymes

compared with the DMSO control. Collectively, these data show

that BPA targets the estradiol biosynthesis pathway in the ovary.

Key Words: bisphenol A; steroidogenesis; ovary; antral follicle
growth; StAR; pregnenolone.

Bisphenol A (BPA), 2,2-bis-4-hydroxyphenyl propane, is an

estrogenic compound originally synthesized in 1963 to prevent

miscarriage. BPA eventually became widely used as the

backbone for epoxy resins, durable clear polycarbonate plastics

such as reusable plastic food containers, food and beverage can

liners, infant formula cans, baby bottles, and dental sealants,

among many other plastic-based products. Unfortunately,

aging, heating, and contact with acids and bases, including

those commonly found in cleaning supplies and detergents,

cause the BPA polymers to break apart. In a process commonly

referred to as ‘‘leaching,’’ BPA seeps into the contents of

various food packages, into saliva, and/or into dust particles,

providing ample entry ways for BPA into animal physiological

systems, including humans (Can et al., 2005; Kang et al., 2006;

Lenie et al., 2008; Vandenberg et al., 2007; vom Saal and

Hughes, 2005; Welshons et al., 2006).

Although BPA exposure can occur via food and drink

(ingested), BPA can also be inhaled. Once in the lungs, BPA

can travel through the bloodstream and into enterohepatic flow,

where it can act as if ingested orally and travel through the

digestive system. Various studies have detected BPA in blood,

saliva, and human tissues as well as in 95% of human urine

samples taken in a random sampling (Calafat et al., 2005,

2008; Ouchi and Watanabe, 2002). Additionally, though BPA

is thought to be conjugated to glucuronide in the digestive

system and to exit the body via the urinary system, the

chemical is not solely confined to the digestive system. BPA

has also been detected in mammary tissue, breast milk,

amniotic fluid, and ovarian follicular fluid, indicating BPA

travels not only through the digestive system but also through

the venous network and thus into the many other organ and

tissue systems of the body (Ikezuki et al., 2002; Lenie et al.,
2008; Vandenberg et al., 2007, 2009).

Recent research has suggested that BPA persists in the

human system longer than originally thought. In a study

comparing BPA levels with fasting time, researchers found

BPA persisting in the body well past the given 4–6 h half-life

of BPA. Specifically, following 17-h exposure, BPA levels

only decreased 56% instead of the expected 100% elimination.

This study suggests that BPA has a longer half-life than

previously estimated; there are significant non-food source

exposures of BPA or, more likely, a combination of the two
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explanations (Stahlhut et al., 2009; Tillet, 2009). Collectively,

these findings suggest that humans are constantly exposed to

BPA.

Studies focusing on the effects of BPA exposure on the

rodent female reproductive system have shown that maternal

exposure to BPA during gestation can cause adverse de-

velopmental effects in the offspring. Specifically, BPA has

been shown to induce early puberty onset, changes in weight

gain, early vaginal opening (Honma et al., 2002), and ovarian

morphological abnormalities in the offspring. The ovarian

abnormalities include cystic ovaries (Hartshorne, 1997) and

cystadenomas, hemorrhagic follicles, and large antral-like

follicles seemingly unable to ovulate (Hartshorne, 1997).

BPA also can cause progressive proliferative lesions of the

oviduct (Savabieasfahani et al., 2006) and leiomyomas in the

uterus (Newbold et al., 2007). Furthermore, BPA increases

estrogen receptor alpha (Esr1) and estrogen receptor beta (Esr2)

receptor expression levels in the uterus (Richter et al., 2007).

Few studies have investigated the direct effects of BPA on

the ovarian follicle itself, the functional unit of the ovary and

the main steroid hormone producer of the female reproductive

system. Previous studies have focused mainly on meiotic

abnormalities, such as cell cycle arrest, meiotic aneuploidy, and

congression failure during the cell cycle (Eichenlaub-Ritter

et al., 2008; Hunt et al., 2003) or on morphological indicators

of ovulation, such as observing a lack of corpora lutea in the

ovary (Hartshorne, 1997). Although BPA has been reported to

be present in follicular fluid of adult human ovaries, previously

published studies have not focused on antral follicles of adult

humans, and as a result, little information is available regarding

the effect of postnatal BPA exposure on the proper functioning

of adult human ovarian follicles. Furthermore, little informa-

tion is available on the effect of BPA on the proper functioning

of ovarian antral follicles in the adult mouse model. Thus, this

study tested the hypothesis that postnatal exposure to BPA

inhibits growth and steroidogenesis of adult ovarian antral

follicles in mice.

MATERIALS AND METHODS

Chemicals. BPA powder (99%) was purchased from Sigma-Aldrich

(St Louis, MO). A stock solution of BPA was dissolved and diluted in

dimethyl sulfoxide (DMSO) (Sigma-Aldrich) to achieve various BPA treatment

concentrations (1.3, 13.3, and 133 mg/ml) for final working concentrations of

1.0, 10, and 100 lg of BPA per milliliter of culture media (4.4, 44, and 440lM

BPA, respectively). Additionally, using these treatment concentrations allowed

each working concentration to contain the same volume of chemical and

vehicle (0.75 ll BPA:DMSO per milliliter of culture media).

The concentrations chosen for the cultures were based on concentrations

used in previous studies (Can et al., 2005; Lee et al., 2007; Lenie et al., 2008;

Mlynarcikova et al., 2009; Vandenberg et al., 2007; Watson et al., 2007; Xu

et al., 2002; Zhou et al., 2008). BPA concentrations were also chosen based on

studies showing the effects of BPA on ovarian cells. For example, BPA

exposure between 100 fM and 100lM for 24–72 h results in an increase in

apoptosis and G2-to-M arrest in cultured mouse ovarian granulosa cells

(Xu et al., 2002). The selected concentrations of BPA are relevant to current

regulatory levels set for BPA. The lowest observable adverse effect level

(LOAEL) is 50 mg/kg/day. This equates to 210.6lM. The doses used in the

experiments were 4.4, 44, and 440lM (or 1, 10, and 100 lg/ml), encompassing

the LOAEL concentration.

5-Pregnen-3b-ol-20-one (Pregnenolone; pregn) powder was purchased from

Sigma-Aldrich. A stock solution of pregn was prepared in DMSO for a final

concentration in culture of 10 lg/ml.

Animals. Adult, cycling female FVB mice were purchased from Jackson

Laboratory (Bar Harbor, ME) and allowed to acclimate to the facility for at least

5 days before use. The mice were housed at the University of Illinois at Urbana-

Champaign, Veterinary Medicine Animal Facility. Food (Harlan Teklad 8626)

and water were provided for ad libitum consumption. Temperature was

maintained at 22 ± 1�C, and animals were subjected to 12-h light-dark cycles.

The Institutional Animal Use and Care Committee at the University of Illinois

at Urbana-Champaign approved all procedures involving animal care,

euthanasia, and tissue collection.

In vitro follicle culture. Female FVB mice were euthanized on postnatal

day 32 and their ovaries removed using aseptic technique. Antral follicles

were mechanically isolated from the ovary based on relative size (250–400

lm), cleaned of interstitial tissue using fine watchmaker forceps (Gupta et al.,
2006; Miller et al., 2005), and individually placed in wells of a 96-well

culture plate and covered with unsupplemented a-minimal essential medium

(a-MEM) prior to treatment. Sufficient numbers of antral follicles for

statistical power were isolated from unprimed mouse ovaries; follicles from

two to three mice were isolated per experiment providing approximately

20–40 antral follicles from each mouse. Each experiment contained

a minimum of 8–16 follicles per treatment group. Doses of vehicle control

(DMSO), BPA (4.4, 44, and 440lM), pregn (10 lg/ml), pregn þ BPA

(44lM), and pregn þ BPA (440lM) were individually prepared in

supplemented a-MEM. Supplemented a-MEM was prepared with: 1% ITS

(10 ng/ml insulin, 5.5 ng/ml transferrin, and 5.5 ng/ml selenium), 100 U/ml

penicillin, 100 mg/ml streptomycin, 5 IU/ml human recombinant follicle-

stimulating hormone (Dr A. F. Parlow, National Hormone and Peptide

Program, Harbor- UCLA Medical Center, Torrance, CA), and 5% fetal calf

serum (Atlanta Biologicals, Lawrenceville, GA) (Gupta et al., 2006; Miller

et al., 2005). An equal volume of chemical was added for each dose to control

for the amount of vehicle in each preparation (0.75 ll/ml of media: BPA

treatments; 1.0 ll/ml of media: DMSO and pregn treatments). Antral follicles

were cultured for 120 h in an incubator supplying 5% CO2 at 37�C.

Analysis of follicle growth. Follicle growth was examined at 24-h

intervals by measuring follicle diameter on perpendicular axes with an inverted

microscope equipped with a calibrated ocular micrometer. Follicle diameter

measurements were averaged among treatment groups and plotted to compare

the effects of chemical treatments on growth over time. Data were presented as

percent change over time.

Analysis of hormone levels. Media was collected after 120 h of follicle

culture and subjected to ELISA for measurement of estradiol, estrone,

testosterone, androstenedione, dehydroepiandrosterone sulfate (DHEA-S), and

progesterone levels. ELISA kits and reagents were obtained from ALPCO

Diagnostics (estrone, testosterone, androstenedione, progesterone, and DHEA-S)

and Diagnostics Research Group (estradiol). The assays were run using the

manufacturer’s instructions. All samples were run in duplicate and all intra- and

interassay coefficients of variability were less than 10%.

Analysis of quantitative real-time PCR. Female FVB mouse antral

follicles were cultured as described above for 120 h. At the end of culture,

follicles were collected and snap frozen at �80�C for quantitative real-time

PCR (qPCR) analysis. Total RNA was extracted from follicles using the

RNeasy Micro Kit (Qiagen, Inc., Valencia, CA) according to the manufac-

turer’s protocol. Reverse transcriptase generation of complementary DNA

(cDNA) was performed with 0.3–1 lg of total RNA using an iScript RT Kit

(Bio-Rad Laboratories, Inc., Hercules, CA). qPCR was conducted using the
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CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) and

accompanying software (CFX Manager Software) according to the manufac-

turer’s instructions. The CFX96 quantifies the amount of PCR product

generated by measuring a dye (SYBR Green) that fluoresces when bound to

double-stranded DNA. A standard curve was generated from five serial

dilutions of one of the samples, thus allowing analysis of the amount of cDNA

in the exponential phase. Specific qPCR primers for the genes of interest and

annealing temperatures are listed in Table 1, along with GenBank accession

numbers (Akingbemi et al., 2003; Hernandez-Ochoa et al., 2010; Pakarainen

et al., 2005; Sha et al., 1996; Weihua et al., 2000). qPCR analysis was

performed using 2 ll cDNA, forward and reverse primers (5 pmol) for

steroidogenic acute regulatory protein (StAR), cytochrome P450 side-

chain cleavage (P450scc), 3b-hydroxysteroid dehydrogenase (3b-HSD), 17b-

hydroxysteroid dehydrogenase (17b-HSD), cytochrome P450 aromatase

(Cyp19), cytochrome P450 17 a-hydroxylase/17,20 lyase (Cyp17a), or b-actin,

in conjunction with a SsoFast EvaGreen Supermix qPCR Kit (Bio-Rad

Laboratories). An initial incubation of 95�C for 10 min was followed by

denaturing at 94�C for 10 s, annealing from 56 to 61�C for 10 s, and extension

at 72�C for 10 s, for 40 cycles (b-actin), followed by final extension at 72�C for

10 min. A melting curve was generated at 55–90�C to monitor the generation of

a single product. The software also generated a standard curve. b-Actin was

used as reference gene for each sample. Final values were calculated and

expressed as the ratio normalized to b-actin. All analyses were performed in

duplicate for at least three separate experiments.

Statistical analysis. Data were expressed as means ± SEM, and multiple

comparisons between experimental groups were made using ANOVA followed

by Tukey’s post hoc comparison. Tests for trend were analyzed using linear

regression analyses for the overall effect of BPA concentration (continuous

variable). At least three separate experiments were conducted for each treatment

prior to data analysis. Statistical significance was assigned at p � 0.05.

RESULTS

Effect of BPA on Follicle Growth

Exposure to BPA (440lM) significantly decreased antral

follicle growth compared with DMSO controls beginning at

72 h, and this decrease in follicle growth remained throughout

the 120-h culture (Fig. 1). No significant differences in follicle

growth were observed between follicles exposed to DMSO,

BPA (44lM), or BPA (4.4lM).

Effect of BPA on Sex Steroid Hormone Production

BPA (440lM) exposure for 120 h significantly decreased

estradiol, estrone, testosterone, androstenedione, DHEA-S, and

progesterone levels produced by the follicles compared with

DMSO (Fig. 2). BPA (44lM) exposure for 120 h significantly

decreased estradiol, estrone, testosterone, androstenedione,

DHEA-S, and progesterone levels produced by the follicles.

No significant differences in steroid levels were found between

DMSO and 4.4lM BPA.

Effect of BPA on Gene Expression

Because BPA decreased steroidogenesis in the cultured

antral follicles, studies were conducted to see if it did so by

decreasing the expression of enzymes required for steroido-

genesis. Specifically, levels of steroidogenic enzymes StAR,
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3b-HSD, and Cyp17a were compared in control and BPA-

treated follicles. Only StAR messenger RNA (mRNA)

expression levels were significantly decreased following

exposure to BPA44lM and BPA440lM compared with

DMSO controls (Figs. 3 and 6; BPA-only treated follicles).

Exposure to BPA440lM, however, resulted in a significant

trend for decreased 3b-HSD expression compared with

controls. Furthermore, BPA44lM and BPA440lM signifi-

cantly decreased P450scc mRNA expression levels compared

with DMSO controls (Fig. 6; BPA-only treated follicles).

Effect of Pregnenolone Cotreatment on BPA-Treated
Follicles

The BPA-induced inhibition of steroidogenesis and follicle

growth could be the result of decreased StAR and P450scc

levels in the follicles because these are rate-limiting enzymes

for the estradiol biosynthesis pathway. Because addition of

pregnenolone bypasses this disrupted enzyme, studies were

conducted to investigate whether cotreatment of follicles with

pregnenolone and BPA would protect follicles from the toxic

effects of BPA on follicle growth and steroidogenesis.

Addition of pregnenolone to the supplemented media did not

protect follicles from BPA-induced follicle growth inhibition

(Fig. 4). However, cotreatment of follicles with pregnenolone

and BPA did provide some protection against inhibition of

steroidogenesis (Fig. 5). Pregnenolone cotreatment with BPA

increased pregnenolone, progesterone, and DHEA-S levels

compared with DMSO controls and maintained androstene-

dione and estrone levels similar to DMSO controls. Pregnen-

olone cotreatment with BPA, however, did not increase levels

of testosterone and estradiol production compared with DMSO

controls. Specifically, progesterone levels were 2.9 ± 0.4 ng/ml

with BPA44lM only and 14.1 ± 2.5 ng/ml with DMSO only,

but progesterone levels were 5502.1 ± 387.2 ng/ml with pregn þ
BPA44lM. Androstenedione levels were 0.07 ± 0.003 ng/mL

with BPA44lM only and 1.1 ± 0.2 ng/ml with DMSO only, but

androstenedione levels were 1.0 ± 0.04 ng/ml with pregn þ
BPA44lM. Estradiol levels were 378.1 ± 54.5 pg/ml with

BPA44lM only, 5417.8 ± 1849.9 pg/ml with DMSO only, and

465.6 ± 11.2 pg/ml with pregn þ BPA44lM.

FIG. 2. Effect of BPA exposure on antral follicle hormone production. After exposure of antral follicles to DMSO control or BPA (4.4–440lM) for 120 h

in vitro, media was collected and subjected to various hormone measurements by ELISA. These graphs represent the means ± SEMs from separate experiments.

A single asterisk (*) denotes a significant p value for overall effect of BPA concentration as the continuous variable using linear regression. A double asterisk (**)

denotes a significant p value from the DMSO control via ANOVA, post hoc Tukey’s Honestly Significant Difference (test) (n ¼ 3–4; p � 0.05).

FIG. 1. Effect of BPA exposure of FVB mice antral follicle growth. Antral

follicles were mechanically isolated from FVB mice and exposed in vitro to

BPA (4.4–440lM) for 120 h. Growth of follicles was monitored during culture

and recorded in micrometers and reported as percent change over time. The

graph represents means ± SEMs from at least three separate experiments. Line

with asterisk (*) is significantly different from controls (n ¼ 8–16 follicles per

treatment per experiment from at least three separate experiments; p � 0.05).
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Effect of Pregnenolone þ BPA on Gene Expression

Because levels of pregnenolone, DHEA-S, progesterone,

androstenedione, and estrone were protected from BPA-

induced inhibition in the pregnenolone-treated groups

compared with their nonpregnenolone counterparts, gene

expression levels of the enzymes responsible for their

metabolism along the biosynthesis pathway were measured.

Addition of pregnenolone treatment did not protect the

follicles from BPA-induced alterations in steroidogenic

enzyme gene expression (Fig. 6). Specifically, StAR mRNA

expression levels were 0.09 ± 0.04 genomic equivalents (ge)

with BPA44lM only and 0.41 ± 0.04 ge with DMSO, but

StAR mRNA expression levels were 0.09 ± 0.006 ge with

pregn þ BPA44lM. P450scc mRNA expression levels were

0.08 ± 0.01 ge with BPA44lM only and 0.37 ± 0.07 ge with

DMSO only, but P450scc mRNA expression levels were

0.03 ± 0.13 ge with pregn þ BPA44lM.

DISCUSSION

Using an in vitro follicle culture system, we have shown that

BPA inhibits follicle growth and decreases hormone pro-

duction in mouse ovarian antral follicles. Furthermore,

although cotreatment with pregnenolone did not protect

follicles from BPA-induced inhibition of follicle growth, it

partially protected follicles from BPA-induced inhibition of

steroidogenesis.

Sex steroid hormone production is required for proper

development of antral follicles (Cain et al., 1995). These

hormones produced in the ovary have an autocrine effect on the

growth and development of follicles. Estrogens, such as

estradiol, stimulate follicle growth and protect the follicle from

atresia (Quirk et al., 2004). Progestins, such as progesterone,

have an inhibitory effect and induce atresia, although the

specific actions of progesterone on the follicle are not currently

well understood (Fukuda et al., 1980). Androgens, such as

androstenedione, testosterone, and dehydrotestosterone, have

been reported to both stimulate follicle growth and induce

atresia in antral follicles (Drummond, 2006).

FIG. 3. Effect of BPA exposure on StAR, 3b-HSD, and Cyp17a mRNA

expression levels. After exposure of antral follicles to DMSO control of BPA

(4.4–440lM) for 120 h in vitro, the follicles were collected and subjected to

qPCR analysis for StAR, 3b-HSD, and Cyp17a mRNA expression levels. All

values were normalized to b-actin as a loading control. Graph represents means ±

SEMs from separate experiments. A single asterisk (*) denotes a significant

p value for overall effect of BPA concentration as the continuous variable using

linear regression. A double asterisk (**) denotes a significant p value from the

DMSO control via ANOVA, post hoc Tukey’s HSD (n ¼ 8–16 follicles per

treatment per experiment from three separate experiments; p � 0.05).

FIG. 4. Effect of pregnenolone cotreatment with BPA on antral follicle

growth. Antral follicles were mechanically isolated from FVB mice and

exposed in vitro to BPA (4.4–440lM), pregnenolone (10 lg/ml) or

pregnenolone, and BPA (44–440lM) for 120 h. Growth of follicles was

monitored during culture and recorded in micrometers and reported as percent

change. The graph represents means ± SEMs from at least three separate

experiments. Lines with asterisks (*) are significantly different from DMSO

controls (n ¼ 8–16 follicles per treatment per experiment from at least three

separate experiments; p � 0.05).
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Hormone production is dependent on the components of the

estradiol biosynthesis pathway. More specifically, production

of downstream hormones in the pathway, such as estradiol, is

dependent on the availability of upstream hormones, such as

progestins and androgens. All the hormones within the

biosynthesis pathway are dependent on the availability of the

lipid precursor, cholesterol. Furthermore, the rate-limiting step

of the estradiol biosynthesis pathway is the transport of

cholesterol by StAR from lipid droplets in the theca cells into

the inner matrix of the mitochondria. Therefore, without this

transport, cholesterol cannot be converted to pregnenolone via

P450scc, and further hormone metabolism and production in

the antral follicles is inhibited. Our results suggest that both

StAR and P450scc mRNA expression are inhibited following

exposure to BPA. This would prevent cholesterol uptake into

the mitochondria and metabolism to pregnenolone, explaining

the decrease in hormone production following exposure to

BPA in our study.

To try and bypass these enzymes, we added pregnenolone to

the culture. We hypothesized that the pregnenolone addition

would protect the follicles from inhibited growth and hormone

production. Exposing the follicles concurrently to pregneno-

lone and BPA did not prevent inhibition of follicle growth but

protected hormone production in the theca cells, although not

necessarily in the granulosa cells. These data support our

finding that StAR and P450scc mRNA levels are inhibited by

BPA. Thus, cholesterol uptake into the mitochondria and

metabolism to pregnenolone is inhibited, impairing hormone

production in the antral follicles. Without adequate hormone

levels, late antral follicle growth and ovulation will be

impaired, as well as further hormone production within the

follicles, thus affecting fertility.

Our results support previous work, indicating that BPA

exposure affects progesterone production using porcine

granulosa cells incubated for 24–72 h, although this previous

work was done in isolated granulosa cells not the whole follicle

FIG. 5. Effect of pregnenolone cotreatment with BPA on antral follicle hormone production. After exposure of antral follicles to DMSO control, BPA

(4.4–440lM) pregnenolone (10 lg/ml) or pregnenolone, and BPA (44–440lM) for 120 h in vitro, media was collected and subjected to various hormone

measurements by ELISA. These graphs represent the means ± SEMs from separate experiments. Asterisks (*) indicate a significant difference between no

pregnenolone and pregnenolone groups; symbols (†) indicate a significant difference between BPA and control groups without pregnenolone; letters indicate

a significant difference between BPA and control groups with pregnenolone groups (n ¼ 3–4; p � 0.05).
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as in our study (Mlynarcikova et al., 2005). Another study

using isolated granulosa and theca-interstitial cells investigated

hormone production from gonadotropin-primed follicular cells.

This study found exposure to BPA between 10�7 and 10�5M

increased StAR, P450scc, and 3b-HSD mRNA and protein

levels and increased testosterone and progesterone production,

but it decreased estradiol levels and Cyp19 mRNA expression

levels (Zhou et al., 2008). Our results suggest the opposite,

indicating BPA exposure decreases StAR and P450scc mRNA

levels and decreases testosterone and progesterone production.

The reasons for the different results from our study and the

previous study could stem from species differences. We used

mice, whereas the other study used rats. Furthermore, differ-

ences in results could stem from the fact that we used isolated,

intact whole follicles, the functional unit of the ovary, whereas

the previous study used isolated granulosa and theca-interstitial

cells.

Our data indicate that BPA affects steroidogenesis in the

granulosa and theca cells, beginning by downregulating StAR

and later, affecting granulosa-theca cell communication in-

cluding hormone diffusion from the theca into the granulosa

cells. This could be why pregnenolone cotreatment restores

hormone levels in the theca to at least DMSO control levels

following exposure to BPA, but why hormones levels in the

FIG. 6. Effect of pregnenolone cotreatment with BPA on steroidogenic enzyme mRNA expression levels. After exposure of antral follicles to DMSO control,

BPA (4.4–440lM) pregnenolone (10 lg/ml) or pregnenolone, and BPA (44–440lM) for 120 h in vitro, the follicles were collected and subjected to qPCR analysis

for StAR, P450scc, 3b-HSD, Cyp19, and 17b-HSD mRNA expression levels. All values were normalized to b-actin as a loading control. Graph represents means ±

SEMs from separate experiments. Asterisks indicate a significant difference between no pregnenolone and pregnenolone groups; symbols (†) indicate a significant

difference between BPA and control groups without pregnenolone; letters indicate a significant difference between BPA and control groups with pregnenolone

groups (n ¼ 3–4; p � 0.05).
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granulosa cells, such as testosterone and estradiol, are still

decreased compared with DMSO controls. Malfunctioning

granulosa cells could lead to impaired follicle growth in antral

follicles because the proliferation of these cells is responsible

for the increasing size of the developing follicles. Furthermore,

hormone production could be impaired because the granulosa

cells are the only cells in the antral follicle able to aromatize

androgens produced in the theca into estrogens (Drummond,

2006).

In conclusion, this study shows that the estradiol bio-

synthetic pathway in the ovary is a possible target for BPA

action in the mouse. Impaired steroid biosynthesis could affect

functioning of the endocrine system throughout the body,

meriting further research in animal models. Furthermore, as the

mouse endocrine system is similar to the human in many

regards, further research in human models is also warranted.
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